Abstract Site response analysis plays an important role in seismic hazard and risk assessment, and in defining the optimal engineering design for civil structures. However, due to increasing urbanization, target areas are often too vast to be covered by standard approaches, resulting in large uncertainties in the spatial variability of the expected ground motion. Here, we propose a method to improve the spatial resolution of ground motion variability in terms of Standard Spectral Ratios (SSRs), using earthquakes recorded at a few selected sites for a relatively short amount of time, and seismic noise data collected over a denser grid, taking advantage of clustering and correlation analysis. The method is applied to Bishkek, Kyrgyzstan. Using the K-means clustering algorithm, three clusters of site response types have been identified, based on their similarity of SSRs. The cluster's site responses were adopted for sites where only single station noise measurements were carried out, based on the results of correlation analysis. The spatial variability of the site response correlates well with the main geological features in the area. In particular, variability is noted from south to north, consistent with both the changes in the thickness of the sedimentary cover over the basin and in the Quaternary material outcropping at the surface. This method has therefore the potential to improve the estimation of site effects at the local scale in the future.
Introduction
Bishkek, which only developed as a city during the twentieth century, is the capital and main industrial center of the Kyrgyz Republic, with a population greater than 900,000 inhabitants. The country has witnessed several moderate to large earthquakes in the past. The most important include the August 3, 1885 M 7 Belovodski and January 3, 1911 M 8.2 Kemin events (Kalmetieva et al. 2009 ). These earthquakes generated in Bishkek macroseismic intensities as large as VII-VIII and VI MSK, respectively (Januzakov et al. 2003) . Being located in a highly seismically active region and due to increase trends in urbanization, Bishkek is faced with a high seismic risk. In fact, according to Erdik et al. (2005) , based on night-time occupancy and considering a 2 % probability of exceedance in 50 years, the city could potentially experience an event that may cause 34,000 deaths with 90,000 injured persons who would need to be treated at hospitals. Furthermore, recent studies into possible worst case scenarios (Bindi et al. 2011) showed that for a magnitude 7.5 earthquake at the Issyk-Ata fault, located ∼10 km from the city, over 48,000 buildings are expected to be damaged with more than 22,000 collapsing leading to 16,624 casualties and 93,447 injuries. Bindi et al. (2011) also outlined the importance of site amplification in determining the distribution of damages within the city. However, the authors could only use site amplification functions from 18 sites within the urban area, where seismic stations were deployed during a seismological experiment, while higher spatial resolution scenarios (including a high spatial resolution of building variability) require a much larger number of sites to gain an adequate knowledge of the variability of ground motion. We show in this study that this can be achieved by combining the results of earthquake data analysis and seismic noise recordings.
Seismic noise recordings have recently become an important tool for site effects estimation (e.g., Bard 1999; Parolai et al. 2001; D'amico et al. 2004 ), using both single stations and arrays to retrieve information about the fundamental resonance frequency of a site and the S-wave structure of the uppermost layers. Picozzi et al. (2009) and Parolai et al. (2010) , for example, used single station noise measurements to infer resonance frequency maps of Istanbul, Turkey, and Bishkek, Kyrgyzstan, respectively. Parolai et al. (2005) and Boxberger et al. (2011) used inversions of surface waves from seismic noise array measurements to characterize the shallow geology in cologne (Germany) and Bevagna (Italy), respectively, which in turn can be used to estimate the site response.
In several studies of urban site effects (Parolai et al. 2004; Pilz et al. 2009 ), temporary arrays of a few tens of stations have been used to record weak motion events for assessing the site response. Combining such results with those derived by seismic noise analysis (mainly Horizontal to Vertical Spectral Ratios, HVSRs), it is possible to obtain a better picture of ground motion variability over an investigated area. However, a quantitative analysis that allow a link between the site response estimated from earthquake recordings and the HVSR was not carried out and the possibility of exploiting this correlation, as a tool to improve the knowledge about the spatial variability of ground motion, was not investigated.
Different methods of clustering analysis have been recently applied, either to seismic noise or to earthquake HVSRs, to identify areas presenting similar HVSRs characteristic and likely site amplification. Bragato et al. (2007) , following the approach of Rodriguez and Midorikawa (2002) , cluster homogeneous areas based on the similarity of seismic noise HVSRs, following a Bayesian approach. Tselentis and Paraskevopoulos (2011) used the SelfOrganizing Map (SOM) technique for cluster analysis, based on the similarity of earthquake HVSRs. In both studies, clustering was identified, but since neither the HVSRs of noise nor of earthquakes represents the true site response (Field and Jacob 1995; Bindi et al. 2000; Bard 2004; Parolai et al. 2004) , it is not possible to assign to a site an appropriate amplification function that could then be used when calculating ground motion and risk scenarios. Recently, Strollo et al. (2012) used correlation analysis between HVSRs of Single station Seismic Noise measurement Points (SSNP) and seismic noise of a few stations for which spectral intensity ratios (SIRs) had been calculated using earthquake records to spatially extend the SIRs to the large number of SSNPs.
In this study, starting from the approach of Strollo et al. (2012) and using earthquake recordings collected by 19 temporary stations installed on sites of interest within the Bishkek basin and seismic noise data recorded at nearly 200 SSNP sites, we estimate the site response variability with a high spatial resolution in Bishkek. First, using the K-means algorithm for clustering analysis, we show that sites having similar SSRs also show similar noise HVSRs. Second, starting from this analogy, a correlation analysis is carried out between the noise HVSRs of SSNPs and those of the temporary stations. Using the results of the correlation analysis, the SSRs are finally extended to all SSNPs, allowing us to assign a site response over a much denser grid than was originally defined by the 19 temporary stations.
Geology of the region
Bishkek is located in the northwestern part of the Tien Shan Mountains. The region is known for its high level of seismicity, with the occurrence of large earthquakes within the context of a continent to continent collision (Bullen et al. 2001; Kalmetieva et al. 2009 ). This seismicity is associated with a complex faulting system resulting from the collision of the Indian subcontinent with Eurasia. Note that some of the world's largest earthquakes with M > 8 occurred in the Tien Shan region during the twentieth century (Bullen et al. 2001) . The city of Bishkek lies over the central part of the Chu Basin, one of the largest depressions of northern Tien Shan. The basin extends about 50 km north-south and 150 km east-west (Bullen et al. 2001 ). The basin is bounded by the Kyrgyz Range to the south and the Chu-Ili mountains in the north. Much of the Kyrgyz Range is made up of Ordovician granite and fine grained Devonian sedimentary rocks. It is cut by many short, irregular imbricate thrust faults that are laterally truncated by strike-slip faults. The Paleozoic bedrock is thrust northward over ∼4 km of younger Cenozoic molasses at the margin of the Chu basin. This deformation front is stepped northward into the Chu basin which exposes a thick succession of Neogene strata along the Issyk-Ata fault, located ∼ 10 km north of the basin's boundary. The Paleozoic basement depth below the urban area of Bishkek generally decreases from the north (∼ 1 km) to the south (∼3 km). The following seven Tertiary formations overlay the Paleozoic bedrock (from bottom to top): (1) Kokturpak (siltstones), (2) Kokomeren (sandstones), (3) Sera Firma (claystones), (4) Dzhel dysu (mudstones) and (5) Saryagach (sandstones and pebbly conglomerate),all belonging to the Paleogene, and (6) Chu (mudstones and sandstones) and (7) Sharpyldak (coarse pebble conglomerate), belonging to the Neogene (Bullen et al. 2001, their Fig. 2) . Quaternary sediments overlay the Cenozoic deposits with a thickness of about 200-300 m. Figure 1 shows the presence of different types of Quaternary covers with some tertiary outcropping (i.e., Paleogene and Neogene). The geology of the study area in the south consists of alluvial material of rubble and gravel forming 15-40 m thick outcrops. The southern half of the Bishkek area, which consist of alluvial gravels, rubble and sandy materials with a total thickness of about 25-50 m, constitute the shallowest geological layers. The northern part of Bishkek consists of Quaternary sediments made up of rubbly-bench gravel with clay-sand lenses and break stone bench gravel outcrop. In the north, the alluvial material becomes finer with gravels alternating to silt layers. In the northernmost part of the city, eolic sediments (loess) with thickness reaching tens of meters are found and are occasionally cut Baeva (1999) by recent alluvial deposits. This information, not reported in the available geological maps, is the result of a recent geological survey carried out by the authors. Figure 2 shows the available large scale NS geological cross section of the study area modified after Baeva (1999) .
Data set and analyses techniques
A temporary seismological network of 19 stations ( Fig. 1) , which operated in continuous mode, was installed in Bishkek from 16 August 2008 until the middle of November 2008 (Parolai et al. 2010) . 15 stations used Earth Data Logger (EDL) 24-bit acquisition systems with 13 of them employing L4C-3D sensors having a 1 Hz corner frequency, one Güralp CMG-ESPC 60 and one IO-3D sensor with a corner frequency of 4.5 Hz. The other 4 stations used Reftek-130 digitizers with Le3D-5_s sensors. At all stations, data was recorded at 100 samples per second. The network recorded 56 events, including 50 crustal earthquakes with magnitudes between M L 1.6 and M W 6.6, occurring at distances between 35 and 1,527 km from station BI08 (see Fig. 1 ). The dataset includes 5 deep earthquakes with magnitudes between m b 5.1 and M W 6.8, which occurred in the Pamir-Hindu Kush region, and an event of magnitude M W 7.3 which occurred at a distance of 5,685 km in the Okhotsk Sea (Russia) at a depth of 492 km.
In order to estimate the SSRs, 50 s S-wave window length has been selected to include enough cycles of the low frequencies of interest. In fact, the resonance frequency of the studied area is expected to be around 0.1-0.2 Hz, considering the thickness of the sedimentary cover underlying the city. Strollo et al. (2008) has shown the reliability of the H/V results down to frequencies of about 0.1 Hz when using 1 Hz sensors combined with EDL digitizers. Also, the comparison of the self-noise of the instrument with the measured seismic noise (not shown here) confirmed the reliability of the results down to frequencies about 0.1 Hz. The selected windows have been de-trended for base line correction, 5 % tapered at both ends using cosine windows and corrected for instrumental response. No filter is applied to the selected windows. The analysis was performed considering frequencies with a signal-tonoise-ratio greater than 3. The pre-event seismic noise window length, used to calculate the HVSRs at the 19 stations of the temporary seismological network, was selected to be equal to the S-wave window. The spectra have been smoothed using a 10 % triangular window of the central frequency equal-spaced in logarithmic scale. Logarithmic averages of pre-event noise HVSRs and of earthquake SSRs have been estimated for the sites (Parolai et al. 2010) . Along with the network of 19 stations, single station seismic noise was also recorded in the urban area covering the whole city at nearly 200 points. The seismic noise was recorded using an EDL 24-bit digital acquisition system, equipped with a 1 Hz Mark L4C-3D sensor at 100 samples per second. Seismic noise was recorded for about 30 minutes at each point. The data was split into 60 s window lengths, de-trended for base line corrections and tapered using a 5 % cosine window at both ends.
Clustering analysis
Cluster analysis has been used in many fields to organize objects into different groups based on the similarity of various selected parameters, in order to obtain a simple understanding of a given data set by grouping together those elements with similar attributes. Clustering is found under different names in different fields, for example unsupervised learning in the field of pattern recognition, numerical taxonomy in the biological sciences, typology in social sciences and partition in graph theory (Halkidi et al. 2001) . Nowadays, various algorithms for clustering analysis are used in different fields for specific kinds of data and application.
We used 15 out of the 19 temporary stations, since some stations had not recorded the events observed by the reference station BI04, from which SSRs and pre-event noise HVSRs were calculated (see Table 1 ). The analyses were carried out over a frequency range from 0.1 to 2 Hz for SSRs using logarithmically equal-spaced bins. The lower bound of the selected frequency range was chosen to allow for each site's fundamental frequency to be covered, and to be within the range where the used instruments work properly. The fundamental frequencies are expected to be low, owing to the sedimentary cover thickness in the area. The upper bound of the considered frequency range is selected by acknowledging that at higher frequencies, the HVSR of the earthquake data for the reference site (BI04) is showing site amplification (see Parolai et al. 2010) . Although this band restriction toward higher frequencies might limit the ability to discriminate the shallow geological structural variations, it will be shown later that the changes in the thin and shallow Quaternary layers can still be successfully captured by using the chosen frequency band. We think, and will explain in the Discussion and Conclusions section, that this might indicate that the shallow geological variations are linked to the deeper ones. We used the K-means clustering algorithm (MacQueen 1967) to subdivide the dataset into groups based on their similarity of spectral ratios. This means that there is no a priori geographical location information. The following are the main steps involved in the K-means algorithm: (1) the algorithm requires that the number of clusters (k) be defined a priori. k centroids are then defined randomly to represent each cluster at each frequency. (2) The dissimilarity between an object (in this case the value of the spectral ratios at each frequency) and the centroid of each cluster is calculated. The squared Euclidean distance parameter is used here to determine this difference. (3) Based on the shortest distance, an object is assigned to the cluster whose centroid is nearest to the object. (4) When all objects are assigned in this way, a new series of k centroids for each frequency are re-calculated based on the already formed clusters. The objects are again assigned to the new centroids based on the shortest distance. The process continues iteratively until there is no further update of the centroids. The aim of this algorithm is to minimize the sum of the squared error over the whole dataset given as,
where m is the number of objects (in our case, the number of frequencies examined) in a data set, n is the number of observations (or spectra) in each cluster, k the number of clusters, c i is centroid of the cluster i, and x lj,i is the value of j object in cluster i of observation number l. The random selection of the centroid of each cluster affects the results of the clustering analysis such that it might not converge to the global minimum of the chosen function. Therefore, the analysis is repeated 10 times, using different randomly chosen starting centroids and the resulting solution that provides the minimum of the sum of the squared error is chosen as the best one.
We applied the K-means clustering algorithm separately to the SSRs and the seismic noise HVSRs of examined 15 stations of the temporary seismic network. The analyses were performed by varying the number of clusters (from 2 to 7). As a guide for the selection of the optimum number of clusters, we evaluated the Calinski and Harabasz index (CH Index) (1974) and Silhouette index (Rousseeuw 1987) for both the SSRs and seismic noise HVSRs. The CH Index is a variance ratio criterion that provides insight into the structure of points. In this method, the dispersion of a group of n-points is measured by the sum of the squared (SS) distances of the points from the centroid of their clusters. It is a measure of the between-groups SS over the within-groups SS, mathematically given as,
where BGSS is the between-groups sum of the squared distance, WGSS is the within-group sum of the squared distance, k (2, 3, 4 …) is the number of clusters and n (15) is the number of points (in this case the spectral ratios of the 15 temporary stations). For the best clustering, the value of CH Index is maximized. The mathematical form of the Silhouette index is given as,
where a(i) is the average dissimilarity (distance) of object i to all other objects in the same cluster, and b(i) is the minimum of the average dissimilarity of object i to all other objects in the closest neighboring cluster. The value of S(i) ranges from −1 to +1 with +1 representing a well-clustered sample, whereas −1 shows the sample is misfit. This is a graphical method for selecting the optimum number of clusters which shows the width of silhouette for each sample, the average silhouette width for each cluster and the overall average silhouette width for the complete data set. The overall average silhouette width is the average of the S(i) for all objects in the whole dataset. Figure 3 gives the CH Index (a, b) and Silhouette index (c, d) for various numbers of clusters for the SSRs (a, c) and seismic noise HVSRs (b, d). Both evaluation methods indicate that 2 is the optimal number of clusters. Cluster 1 is composed of the four stations in the north (BI01, BI14, BI15 and BI18) while cluster 2 is composed of the rest of the stations. However, in order to allow a smoother spatial variation of ground motion, we have preferred to choose 3 clusters that, anyway, provide the second best CH and Silhouette index results.
Clustering results
The three selected clusters (for both SSRs and noise HVSRs) are depicted in Figs. 4 and 5, respectively. They show a very similar spatial distribution, independent of whether seismic noise or earthquake data are used, although at each station, the SSR and HVSR might look quite different. Figure 4a shows the resulting SSRs for the stations clustered in the north of the city. It reveals amplifications generally between 5 and 9 over the examined range of frequencies, with fairly constant values after around 0.2 Hz. Figure 4b is the same for the stations in the center of the city, and shows a clear amplification of up to 5 at lower frequencies, in particular at 0.2 and 0.4 Hz. For frequencies higher than 0.6 Hz, the amplification remains between 2 and 3. Figure 4c presents the SSRs for the stations in the southern-most and south-east of the city, showing a lower amplification compared to the first two clusters, with a fairly constant amplification of between 1.5 and 3 over the examined frequency range, with occasional peaks at 0.2, 0.4 and 1.5 Hz. Figure 4d shows the distribution of the different clusters superimposed on a geological map of the city (see Fig. 1 for details and the geological units). Figure 5 is the same as for Fig. 4 , but for the seismic noise HVSRs. In HVSRs, the position and amplitude of peak plays an important role in the classification of the geological structure (Parolai et al. 2005; Picozzi et al. 2009 ). Figure 5a clusters the stations with higher amplitudes at around 0.2 Hz and a second prominent peak at around 0.9 Hz. Figure 5b clusters the stations with clear peaks at < 0.2 Hz, with a second peak, although not as prominent as in the first cluster. The amplitude of the peaks is also lower than in the first cluster, which possibly results from the deeper bedrock with a lower impedance contrast. Figure 5c shows the cluster of stations having a lower flat first peak at around 0.2 Hz, where the amplitude being lower than that for the first two clusters. The trend of lower resonance frequencies towards Fig. 4 Results of the clustering analysis using the K-means algorithm on the SSRs. a, b, and c shows the resulting spectra subdivided into different clusters. d Shows the spatial distribution of the stations and their respective clusters over a geological map of the area (see Fig. 1 ) the southern part of the city is in agreement with the thickening of sedimentary cover to Paleozoic bedrock, as proposed by Bullen et al. (2001) . Figure 5d shows the distribution of stations over a geological map, clustered together based on the noise HVSRs (see Fig. 1 for details and the geological units).
It is interesting that sites clustered together by similar SSRs are also clustered based on their similarity of seismic noise HVSRs. This means that, irrespective of the difference between the SSRs and seismic noise HVSRs for a station, the variability in the noise HVSRs is consistent with that of the SSRs. This analogy provides the opportunity for SSRs to be extended to SSNPs where earthquake data is not available. In general, stations having higher amplitude values of SSRs in the northern part of the city also show higher peaks in the seismic noise HVSRs, while stations in the southern part that have a lower amplitude in the SSRs also show lower amplitudes in the seismic noise HVSRs. Considering the seismic noise HVSRs clustering, only station BI16 shows anomalous behavior (highlighted in a different color in Fig. 5a, d ) that agrees better with cluster 3 than with that from the nearby stations in cluster 1 because of the low HVSRs peak at lower frequencies. A possible reason for this deviation is that the station at this site was equipped with an EDL 24-bit acquisition system with 4.5 Hz sensor. According to Strollo et al. (2008) , the HVSR of the noise peak at lower frequencies obtained by such a sensor is always biased due to the strong filtering effect of the geophone, leading to lower spectral ratio amplitudes at frequencies <0.5 Hz. Hence, this station is not considered in further analysis. 
Correlation analysis
Since sites having similar SSRs also share similar noise HVSRs, we can take advantage of the SSNPs to improve the spatial resolution of the microzonation (intended here as assessing the site response variation over short distances) in the city. We used the following correlation scheme to relate the seismic noise HVSRs of 177 SSNPs out of the 200 (this was because some time series were discarded, as a preliminary analysis of the ratios suggested serious installation problems) with the remaining 14 seismic noise HVSRs (for which SSRs are available).
First of all, the Pearson cross-correlation coefficients (Davis 1986) were calculated between 177 SSNPs and the 14 stations using seismic noise HVSRs. The Pearson correlation coefficient is the covariance of the two variables divided by the product of their standard deviations, given as, Fig. 1 where ρ represents the correlation coefficient, j is an index that goes from 1 to the number of SSNPs (177), k is an index that goes from 1 to the number of temporary seismic stations (14), i is an index of the frequency (0.1-2 Hz), x is the seismic noise HVSR value at frequency i, and x is the mean value of x. The value of ρ ranges from −1 to +1.
To quantify the degree of similarity, the Pearson correlation coefficients are multiplied by the degree of fit, which is given by,
This is basically the standard error between the seismic noise HVSRs of the SSNPs and the permanent stations. Equation (5) is used to take into account the difference in amplitude between the noise HVSRs of the SSNPs and the temporary seismic stations. The greater the difference, the lower the value of Eq. (5), while multiplying Eqs. (4) by (5) will suppress the correlation coefficient and vice versa.
The Matrix CC in Eq. (6) has dimensions of [177 × 14] . In order to select only those SSNPs having good similarity of seismic noise HVSRs with the stations of the temporary network in terms of CC coefficient, a lower threshold of 0.5 for CC is selected. Changing the value of this threshold affects only the total number of SSNPs to be considered for further analysis (but not their assignation to a certain cluster). This leads to about 81 % of the 177 stations to be robustly classified. Furthermore, a SSNP is assigned to a cluster based on the condition that the maximum CC coefficient between the SSNP and the temporary stations of the cluster is greater than 15 % of the maximum CC coefficient when it is compared to the stations of the second best cluster. We ran the analysis with different threshold levels, and we noticed that while it affects the number of SSNPs assigned to a particular cluster/group, mainly in the transition zone, the overall distributions of SSNPs remain the same. About 79 % of the classified SSNPs (i.e., 79 % of the classified 81 %) are finally assigned through this process to different clusters. Noise measurement points that could not satisfy the second criterion were assigned to the group based on the nearest distance and geology, provided their CC coefficients were within 15 % of the maximum. This leads to a total of 143 out of 177 noise measurement points being assigned to the three clusters in this way. Figure 6 shows examples of higher to lower CC coefficients values for the seismic noise HVSR of station BI18 compared to the SSNPs in the first cluster. Note that larger the value of the CC, the greater is the resemblance to the NHVSRs. Figure 1 shows the distribution of SSNPs and the permanent stations over the geological map of the area.
The site response associated with each SSNP is the logarithmic average of the SSRs of each cluster to which the SSNP was assigned after the correlation analysis. Figure 7 shows the SSRs for each cluster. Different dashed colored lines represent different clusters, while the bold continuous line in each cluster represents the logarithmic average of that cluster. The grey area shows the frequency range where analyses are not considered because of the spectra ratios being affected by the site response at the reference site (see Parolai et al. 2010) .
In order to better depict the spatial variation of amplification in the study area, the site response amplitude in terms of SSRs has been interpolated using natural neighbors spatial interpolation. For each temporary station, we decided to retain its own logarithmic average site response as estimated from the earthquake analysis (Parolai et al. 2010) . Figure 8 shows the site response estimated for different frequencies over the study area. The figure shows that the largest amplification mainly affects the northern part of the urban area of Bishkek. In particular, the whole frequency band from 0.2 to 2 Hz shows amplification values larger than 5, with maximum values reaching nearly 8 at around 0.4 Hz. The sudden increase of the amplification values corresponding to the geological contact between the different Quaternary materials is striking. The effect of the different Quaternary sediments, responsible for the change in the site response amplitudes between the north and south of the city, can be clearly seen around latitude 42.85 in Fig. 1 .
Discussions and conclusions
In this study, the spatial resolution of ground motion variability in terms of SSRs has been improved upon in Bishkek, Kyrgyzstan, using earthquake and seismic noise data. The appropriateness of seismic noise as a proxy for extrapolating the earthquake site response is evaluated with the help of cluster analysis. Using the K-means algorithm, clusters of sites that display a similar response have been identified based on SSRs and seismic noise HVSRs. This indicates that, irrespective of the shape of the SSRs and of the seismic noise HVSRs, sites showing similar SSRs also share similar noise HVSRs. Using this analogy, Fig. 8 Spatial distribution of SSRs at selected frequencies (0.2, 0.4, 1 and 2 Hz) using natural neighbours interpolation the site response in terms of SSRs has been linked with the SSNPs recorded in the city for which earthquake recordings were not available. This is accomplished by using a correlation analysis of the noise HVSRs between the 14 stations of a temporary network and 177 SSNPs.
The three clusters identified in the study area, which cover the northern part of the city, a central transition zone and the southern part, follow well the geological structure of the basin. The depth distribution of the Paleozoic bedrock in the urban area of Bishkek is such that iso-lines are aligned east-west (Bullen et al. 2001, their Fig. 4) . The clustering patterns identified in this work following the same depth distribution, as the spectral ratios reflect the deeper geological structure.
Note that although the clustering analysis performed on the SSRs is, in this study, only considers frequencies up to 2 Hz (due to the amplification at the employed reference station), this procedure may also be considered to be valid at higher frequencies since all stations are equally affected by the site response at the reference site. The obtained results allow an efficient microzonation with a higher spatial resolution using seismological parameters alone, and the proposed approach could be used in general as a tool wherever a "good" rock reference site is available. However, in terms of its application for seismic hazard and risk scenarios, in the case at hand, a broader band site response is necessary to correctly evaluate the absolute value of ground motion in the different parts of the city. Suitable correction factors will thus have to be taken into account when considering the effect of the site amplification at the reference site.
